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doi:10.1016/j.ejvs.2010.02.017Abstract Objective: Local anatomy and the patient’s risk profile independently affect the
expansion rate of an abdominal aortic aneurysm. We describe a hybrid method that combines
finite element modelling and statistical methods to predict patient-specific aneurysm expansion.
Methods: The 3-D geometry of the aneurysm was imaged with computed tomography. We used
finite element methods to calculate wall stress and aneurysm expansion. Expansion rate was
adjusted by risk factors obtained from a database of 80 patients. Aneurysm diameters predicted
with and without the risk profiles were compared with diameters measured with ultrasound for 11
patients.
Results: For this specific group of patients, local anatomy contributed 62% and the risk profile 38%
to the aneurysmal expansion rate. Predictions with risk profiles resulted in smaller root mean
square errors than predictions without risk profiles (2.9 vs. 4.0 mm, p < 0.01).
Conclusions: This hybrid approach predicted aneurysmal expansion for a period of 30 months
with high accuracy.
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In current clinical practice, the chance of rupture of abdom-
inal aortic aneurysm (AAA) is estimated based on maximum
aortic diameter only,1 with 55 mm or more being the generally
accepted cut-off point for consideration of elective repair. In
a study by Lederle et al. however, a significant number of
patients with a maximal AAA diameter larger than 55 mm
never experienced a rupture,2 whereas, in another study,
rupture did occur in aneurysms smaller than 55 mm.3
Due to these observations, several new criteria for the
decision of elective surgery have been proposed.4,5 These
newer criteria are derived from the assumption that
rupture occurs when tissue stress exceeds a critical level.6
Hence, several laboratories have developed methods to
estimate the chance of rupture on basis of wall stress
distribution and failure stress.7,8 Recent studies indicate
that even peak wall stress alone is a better predictor of
rupture than maximal diameter.4,5
The rate of aneurysm expansion has been studied often,9
because this factor determines surveillance interval and
time to intervention. If aneurysmal expansion in a 6e12
month period is much greater than expected, the risk of
rupture may also be higher. The expansion rate depends on
several modulating factors including smoking, diabetes and
gender.9,10 Recently, we published that local remodelling of
the vessel wall, which is induced when local wall stress
deviates from a reference value, might be an important and
yet underrated factor.11 The aim of the present study is to
extend the above-mentioned wall stress concept by
including aneurysmal expansion. Towards this end, a hybrid
model consisting of both a wall stress remodelling rule and
risk factors is proposed and tested to predict patient-
specific aneurysm expansion.
Methods
Patient population and screening protocol
Between January 2001 and 2006, all patients who presented
with an identified AAA in our hospital were screened for
cardiac risk factors, renal failure, chronic obstructive
pulmonary disease (COPD), smoking, diabetes mellitus and
symptoms of other peripheral disease. For each patient,
a radiologist or a trained sonographer measured the
maximal diameter of the aneurysm by ultrasonography
every 6e12 months. The selected patient group was parti-
tioned into a test group (n Z 80) for building a risk model
and a validation group (n Z 11) for comparison of patient-
specific predictions with measurements. Subjects in the
validation group were scanned with computed tomography
angiography (CTA) and at least three times with ultraso-
nography during follow-up. To test for homogeneity
between the test and validation groups, data were
compared with a t-test for continuous variables and with
a chi-square test for binary variables.
Segmentation of aneurysm
Angiographic images were acquired with a Siemens multi-
slice computed tomography (CT) scanner. An operatorprocessed these images and located the renal arteries, the
left and right common iliac arteries and the aortic bifur-
cation. Based on these landmarks, a virtual tube was posi-
tioned in the aorta starting at the renal arteries and ending
at both iliac common arteries. Subsequently, the tube
deformed iteratively until it matched the borders of the
lumen. The operator inspected the quality of segmentation.
If necessary, a few parameters could be adjusted to opti-
mise the segmentation. This technique has been described
in detail elsewhere and has a reproducibility of 3e5%.12
Numerical methods
Initial conditions
We calculated local wall stress with commercially available
finite element method (FEM; Sepran, Sepra, Delft, the
Netherlands).13e15 Local wall stress depends on the geom-
etry of the aneurysm, local tissue properties and blood
pressure. The geometry of the aneurysm was represented by
a finite element mesh. We set the wall thickness of the mesh
at 2 mm in the radial direction as others have done.4,16 After
creating a finite element mesh, wall stress distribution was
calculated treating the tissue initially as homogeneous and
linearly elastic. Due to homogeneity, the tissue could be
characterised by a single stiffness value of 2  106 N m2.11
The lumen boundary was pressurised with 5  103 N m2,
while both ends of the aneurysm were clamped in all direc-
tions. The initial geometry corresponded to an aneurysm
that in reality was already pressurised. Therefore, the
applied pressure was, in fact, only the change in pressure
during the cardiac cycle. The calculated wall stress was
therefore the change in stress over the cardiac cycle. The
intra-luminal thrombus was neglected in the model. The
stiffness of thrombus is an order of magnitude lower than the
stiffness of the aneurysm wall.17 Thus, thrombus does not
play an important role in bearing the load. Furthermore,
thrombus is porous for fluid. Therefore, blood pressure acts
directly on the aneurysm wall as implemented in the model.
No pressure was applied to the outer boundary. Further
details of this method have been described before.11
Mechanism of expansion
We propose the following mechanism for aneurysm expan-
sion. Initially, theaneurysmwall is ina reference state,where
wall stress, wall strain and elasticity are homogeneous. An
increment in blood pressure will now stretch the wall and
elevate the wall stress. However, due to the complex geom-
etry of the aneurysm, the wall strain and wall stress vary
locally. We assumed that in areas with high wall stress the
tissue stiffness decreases and, as a consequence, thewall will
stretch further. As a consequence, the wall will curve locally
to a greater extent, and this leads to a relief of wall stress,
enabling collagen fibres to remodel. This remodelling enables
the vessel wall to return to its reference state, while the
pressurised geometry is adjusted.
The following protocol was implemented in our model to
simulate expansion of the aneurysm as described above.
First, the local wall stress and deformation were calculated
for the aneurysm. Second, if the local wall stress exceeded
3  104 N m2, the stiffness of the wall decreased locally;
the calculations were repeated with variable stiffness. The
difference in the deformation from the homogeneous and
Table 2 Risk factors that influence expansion rate.
Factora R-squareb p-valuec Expansion rated
(months)
Nonee 0.66 0.00 196
Ischemic heart disease 0.01 0.00 40
Nitrates 0.01 0.00 þ88
Peripheral arterial
disease
0.01 0.01 þ40
Gender 0.004 0.04 þ72
a These factors were found with a multivariate linear regres-
sion using a stepwise method performed on the test group
(n Z 80).
b R-square indicates the proportion of variation in the corre-
sponding factor explained by the regression model.
c If p < 0.05, the null hypothesis is rejected.
d Individual contributions of each factor to the expansion
rate.
e This indicates the progression of aneurysm formation
without the influence of any known factors.
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of the aneurysm.
Rate of expansion
The rate of expansion is commonly expressed in mm year1. A
given increase in diameter is relatively larger for a small
aneurysm than for a large aneurysm. Thus, it is more
convenient to look at the amount of time needed for the
aneurysm to enlarge by a certain factor. In this study, we
therefore expressed expansion rate in months. It is the
amount of time needed to become 2.71 (Euler’s number)
times larger.
Risk profiles from the test group
Recently, risk factors have been identified2,9,18 as impor-
tant modifiers of the rate of expansion of AAA, independent
of local wall stress. We determined the contribution of all
factors displayed in Table 1. Thus, we compared aneurysm
expansion in subjects who had a clinical risk factor with
aneurysm expansion in subjects who were free of this risk
factor. Only significant factors were included in the final
model (Table 2). All statistics were performed with SPSS.
Conversion from model iterations to time
For the validation group, we simulated aneurysm expansion
without the risk factors. The average expansion rate found in
the simulations was assumed to be equal to the averageTable 1 Demographic data and risk factors of the patient
population divided in a test group and a validation group.
Test
group
Validation
group
p-valuea
n Z 80 n Z 11
Gender (m/f) 70/10 11/0 0.13
Age (years) 67.8  8.4 67.6  7.1 0.93
Factors
Diabetes mellitus (%) 13.8 5.9 0.38
Hypertension (%) 46.3 47.1 0.95
Peripheral arterial
disease (%)
17.5 5.9 0.23
Cerebrovascular
accident (%)
10.0 11.8 0.83
Ischemic heart
disease (%)
47.5 52.9 0.69
Pulmonary disease (%) 81.3 76.5 0.66
Nitrates (%) 20.0 17.6 0.83
Statins (%) 30.0 58.8 0.02
Prednisone (%) 6.3 5.9 0.96
Atrovent (%) 12.5 17.6 0.58
Smoking (%) 81.3 64.7 0.48
Chronic obstructive
pulmonary disease
31.3 35.3 0.75
Myocardial infarction (%) 35.0 35.3 0.98
Deccordi (%) 7.6 17.7 0.06
Angina pectoris (%) 22.5 23.5 0.93
a If p > 0.05 the difference between the prediction and the
test group can be ignored.expansion rate obtained from the risk model. From this
comparison, we retrieved the time period of every iteration.
Patient-specific expansion predicted from the
model
We varied the percentage with which the wall stiffness was
lowered in elevated stress areas. In this way, we obtained,
for each patient, a relation between wall stiffness and
expansion rate. The change in expansion rate due to the
risk profile could therefore be transferred to an adjustment
in wall stiffness.
Validation of the patient-specific model predictions
To validate the model, we compared the measured diam-
eters with simulated maximum aortic diameters in the
validation group. We calculated the absolute and relative
difference in diameter. We calculated root mean square
errors (RMSEs) to see if predictions with risk profile are
more valid than predictions without risk profile.
Model predictions for single patients
We varied the risk factors for single patients and studied
the effect on the aneurysmal expansion rate for that
patient. In addition, time to intervention, which signifies
the time necessary for maximal diameter to reach 55 mm,
was calculated for patients of the validation group in the
absence and presence of their specific risk profiles.
Results
Patient population
The characteristics of the patients are displayed in Table 1.
Partitioning of the data resulted into a test group and
a validation group that were similar to each other, with the
exception of statin usage (Table 1).
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In our study, only few risk factors influenced the expansion
rate (Table 2). It is clear from the last column in Table 2
that ischemic heart disease accelerated AAA expansion,
while being male, peripheral arterial disease (PAD) and
nitrates decelerated AAA expansion in our population.
Patient-specific expansion predicted from the
model
Expansion rates ranged from 142 to 420 months (Fig. 1). With
our approach, we were able to study the separate contribu-
tions of 3-D geometry and risk profile to the variability of the
expansion rate. Simulations in the absence of a risk profile
resulted in an expansion rate of 196  64 months. Here, the
variety in expansion rate was caused by differences in the
geometry of the aneurysm. The statistical risk model showed
an expansion rate of 254  39 months for patients in the
validation group. We calculated from these data that
geometry contributed 62% and the risk profile contributed
38% to the variation in expansion rate. The regions of wall
stress exceeding the threshold value are displayed for one
aneurysm in Figure 2. It can be seen that locations of highwall
stress shifted during aneurysm formation.
Validation of the patient-specific model predictions
The average difference between simulated and measured
diameter was 3.7  3.1 mm or 8.3  6.3% of maximal
diameter. Absolute and relative differences in diameter
were independent of time (Fig. 3). Further analysis showed
that incorporation of risk profiles resulted in a significantly
smaller RMSE between prediction and measurement than
simulations without risk profiles (2.9 vs. 4.0 mm, p < 0.01).
Model predictions for single patients
To demonstrate applications of this model, we evaluated
the effect of adding single risk factors to the expansion rateFigure 1 Simulations of maximal aneurysm diameter for
individual patients versus duration of disease (D time). Note
the difference in expansion rate for different patients.of two patients. One can see the differences in expansion
rate between omitting medical intervention (i.e., nitrates)
and the presence of ischemic heart disease for individual
patients (Fig. 4). In addition, the risk profiles changed time
to intervention significantly and varied strongly from
patient to patient (Fig. 5).
Discussion
Patient-specific diagnostics and therapies is a field of large
interest. Patient-specific predictions of aneurysm expan-
sion might lead to improvement in surgical management of
aneurysms. If predictions of aneurysm expansion can be
combined with risk of rupture, then models can be devel-
oped to predict moment of rupture. In a recent article, we
introduced the concept that vessel wall remodelling
affected aneurysm expansion rate.11 In the present study,
we explored this method to predict patient-specific
expansion rates enabling to validate the method against
patient-specific measurements. For this purpose, the
existing model was extended with clinical risk factors. This
hybrid approach resulted in accurate prediction of maximal
diameter growth over a period of 36 months.
The current approach enabled to evaluate the effect of
several factors on expansion rate. First, we evaluated the
role of remodelling and risk profiles on the variability of
inter-individual expansion rates. It could be shown that in
our small data set, remodelling accounted for two-thirds,
while risk profiles accounted for one-third of this variation.
This might imply that remodelling is a more important
factor in determining 3-D aneurysm geometry. Second, we
evaluated the individual effect of risk factors on expansion
rate for single patients. The simulations indicate that
changes in drugs usage may affect the expansion rate of the
aneurysm. The present approach may calculate the benefit
of interventions for a single patient. Third, the simulations
also predicted that, during expansion, high-stress regions
shifted. This was due to the proposed remodelling law that
adjusted the stress distribution. This prediction is essential
for further validation of the current model.
We only had 80 subjects to find the relevant risk factors.
Thus, our study might have identified other factors than those
found by others. In our study, expansion rate depended on the
usage of nitrates, gender, symptomatic PAD and ischemic
heart diseases. In several other studies gender was also found
to be a risk factor.10,18 A study by Brady revealed that aneu-
rysm expansion was lower in those with low ankle/brachial
pressure index.9 This might support our finding that PAD
reduced expansion rate. Brady further found that growth rate
was lower in those with diabetes and higher for current
smokers. It seems reasonable that medical intervention such
as usage of nitrates can influence the expansion rate. A study
by Schouten already showed that statins are associated with
a reduced aneurysm growth.18
Limitations of methods
The validation group was selected on the basis of at least
three diameter measurements with ultrasonography. As
more follow-up visits are expected when an aneurysm
expands slowly, we might have identified a validation group
with relatively slow expansion rates.
Figure 2 Wall stress calculations for a single aneurysm over time. Wall stress exceeding the threshold is displayed in red. Note
that the locations of high wall stress shift with time (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article).
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measured with ultrasonography. These might differ from
CTA-derived diameters. Validation using series of CTA
measurements may be more appropriate and are necessary
for model improvements. Furthermore, CT images are not
suited for accurate wall thickness determination and tissue
characterisation. The main problem is insufficient contrast
between the wall and the surrounding tissue. Therefore, we
used a constant wall thickness and a constant stiffness for
the initial mesh. Both parameters can have much variation
and the assumed values may be far from reality. As local
wall stress depends on wall thickness and material prop-
erties, the calculations will benefit if detailed wall thick-
ness values and tissue characteristics could be retrieved.
We did not apply pressure on the outer wall of the aneu-
rysm. Surrounding organs, muscles and bones should result
in some pressure on the aneurismal sac. To implement the
boundary conditions well, the surrounding tissues should be
characterised. Although this might be difficult andFigure 3 The differences between simulated and measured maxi
(panel A; mm) and relative to echo diameter (panel B; %). Note thlaborious, this is really a recommendation for future work.
This is because our study shows the importance of the
geometry in aneurysm expansion and the surrounding
tissues most likely have an influence on the geometry. We
neglected the intra-luminal thrombus because, mechan-
ically, its contribution to load-bearing is small. However,
thrombus can reduce peak wall stress.19,20 It should be
noted that thrombus might also influence aneurysm
expansion by a biological mechanism. The influence of
thrombus on aneurysm expansion is more likely by this
biological mechanism than by mechanics.20 We assumed
that in areas with high wall stress, the tissue stiffness
decreases and, as a consequence, the wall will stretch
further. This assumption was based on in vitro studies.
Those studies have shown that high wall stress is associated
with a higher protease activity and a larger breakdown of
collagen.21e23 There is still no proof that in vivo proteolytic
enzymes usually associated with aneurysm wall degradation
are increased by wall stress, neither in animal models nor inmal diameters were plotted versus time (Dt) in absolute terms
at the errors are independent of time.
Figure 4 Effect of changes in risk profile on aneurysmal expansion rates for two patients. Displayed is the maximal diameter
versus time (D time). Circles are the expansion rate without risk factors; triangles the expansion rate in the presence of heart
disease; squares the expansion rate in the presence of peripheral arterial disease and diamond the expansion rate in the presence
of nitrates. Note that each risk factor has a different effect on expansion rate and that two patients differ in their responses.
Figure 5 Time to intervention was plotted versus initial
diameter for individual patients. The line represents the
averaged time to intervention in absence of risk factors. In
general, a larger initial diameter decreases the time to inter-
vention. The risk profiles changed the time to intervention and
varied from patient to patient.
52 F. Helderman et al.human aneurysms. The risk profiles were based on 80
patients in the database of the Erasmus MC, which is
comparatively low. A larger follow-up study is warranted
for strengthening the present study.
In conclusion, we have introduced an approach to
incorporate risk factors in a numerical model to predict
aneurysm expansion. This hybrid approach predicted
expansion rate accurately, and may help to predict modi-
fications of drug treatment and changes in lifestyle on
patient-specific expansion rates.
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